Communications in Physics, Vol. 32, No. 1 (2022), pp. 1-9
DO https://doi.org/10.15625/0868-3166/16091

CHARACTERISTICS OF DYE-DOPED SILICA NANOPARTICLES- BASED
RANDOM LASERS IN THE AIR AND WATER

TA VAN DUONG!", NGUYEN TRONG TAM?, MAT HONG HANH?Z,
NGUYEN XUAN THAU? AND NGHIEM THI HA LIEN*

' Department of Optical Devices, Le Quy Don Technical University, Hanoi 100000, Vietnam

2Department of Quantum Optics, Faculty of Physics, University of Science, Vietnam National
University, Hanoi 100000, Vietnam

3Department of Physics, Le Quy Don Technical University, Hanoi 100000, Vietnam
*Institute of Physics, Vietnam Academy of Science and Technology, Hanoi 100000, Vietnam

E-mail: Tduong.ta@lgdtu.edu.vn
Received 26 May 2021; Accepted for publication 24 September 2021; Published 15 January 2022

Abstract. Random lasers based on dye-doped silica nanoparticles are attracted for biomedical
applications due to their biocompatibility and high brightness. Several laser structures including
silica powder and film have been reported. However, the dependence of lasing characteristics
including lasing threshold and emission wavelength on the laser size and working environment
have not been explored. Here, we demonstrate and compare the lasing characteristics of dye-
doped silica random lasers in the air and water. These lasers present in thin structures, the so-
called microslices, with a thickness of 1 um and various dimensions from 30 to 300 um. It is
found that the lasing threshold (1) decreases with increasing laser size such as L, ~ A066 for
sample in the air and L, ~ A= for sample in the water, where A is the sample surface area. For
a similar size, the lasing threshold of the sample in the water is about 3-8 times higher than that of
the sample in the air. In addition, the lasing peak wavelength exhibits a red-shift with increasing
the laser size. In the air, a shift of 8 nm is recorded when the sample surface area increases from
21 x 103 10 169 x 10® um?. Furthermore, for a similar size, the lasing wavelength of the sample
in the air is also red-shifted (13 nm on average) compared with that of the sample in the water.
Our finding provides useful information for the use of silica-based random lasers in bioimaging
and biosensing applications.
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I. INTRODUCTION

Recently, random lasers have drawn a great deal of attention due to their special optical
properties [1] and wide range of photonic applications [2-4]. Especially, random lasers uti-
lizing biocompatible materials have shown promising prospects for bio-imaging and biosens-
ing [5-7]. Unlike the conventional lasers that rely on the resonant circulation of light in an
optical cavity [8, 9], random lasers do not have a cavity, their emission is amplified by multi-
ple scatters of light in an active medium. As a result, compared with conventional lasers, random
lasers have several advantages such as simpler fabrications and better emission stability (less af-
fected by cavity defects). Indeed, random lasers can be achieved from various disordered struc-
tures including dye-doped metallic nanoparticles powder [3], clusters [10-12], and biological tis-
sues/structures [13-16].

Among many biocompatible materials, dye-doped silica nanoparticles (SNPs) are an ex-
cellent gain material due to their high photoluminescence (PL) intensity and photostability [17].
Indeed, random lasers have been realized from dye-doped silica gel powder [18, 19]. Recently,
random lasers have been obtained from dye-doped SNP film structures [20]. However, none of
those work has studied the effect of laser size and working environment on lasing characteristics
including lasing threshold and wavelengths.

In this work, we demonstrate random lasing from dye-doped SNP film-like structures and
compare their lasing characteristics for different sizes in the air and in the water. Our study pro-
vides important information for future applications of random lasers in biosensing and bioimaging.

II. EXPERIMENT

II.1. Fabrication of dye-doped silica film structure

Heating

Dye-doped silica
nanoparticles

Fig. 1. (a) RhB-doped SNP solution illuminated by a halogen lamp. (b)-(e) Process in
which SNPs are self-assembled to a film structure. (f) Optical microscope image of RhB-
doped SNP microslides. (g) SEM image of a typical SNP microslide.
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The random laser was based on a silica nanoparticle film which was self-assembled from a
Rhodamine B (RhB)-doped SNP solution (Fig. 1a). These SNPs were synthesized by a modified
Stober method and have a size of around 20 nm [17]. Firstly, a 200 uL of the dye-doped SNP
solution was injected into an Eppendorf tube (Fig. 1b) and subsequently heated at a stable temper-
ature of 70°C (in an oven) for 3 hours. Due to the high temperature, water gradually evaporates
which induces fluidic flow [21] and subsequently drives SNPs toward the pinning of the contact
line at the tube wall (Fig. 1c). In the end, a film of nanoparticles is formed (Fig. 1d). For optical
characterization, the film was ground into multiple pieces, the so-called microslices (Fig. 1e) with
dimensions ranging from around 20 to 300 um (Fig. 1f). SEM image of a typical dye-doped SNP
piece is shown in Fig. 1g indicating a microslice with a smooth surface and thickness of about
1 um.

I1.2. Optical characterization

The optical properties of RhB-doped SNP microslice in the air and in the water were char-
acterized by utilizing a micro-photoluminescence (u-PL) setup as demonstrated in Fig. 2 [22]. The
pumping source is Nd: YAG nanosecond (ns) pulse Q-switch laser (Litron laser) with a wavelength
of 532 nm, a repetition rate of 10 Hz and a pulse duration of 7 ns. The excitation beam was focused
on a spot of 350 um in diameter. The emission from the sample was collected via a 10X objective
lens and delivered to a spectrometer (Avantes AvaSpec-2048L) for spectral recording. The spec-
tral resolution is ~0.2 nm. In addition, for the size-dependent characterization, the surface area of
the sample was determined from optical microscope images by using ImagelJ software.
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Fig. 2. Schematic of a u-PL setup used for optical characterization.

III. RESULTS AND DISCUSSIONS

III.1. Random lasing in the air and water

Figure 3a plots the PL spectra of a microslice (dimension of 150x 120 ttm) under increasing
pump pulse energy (PPE) in the air. At the excitation lower than 10.0 uJ, the microslice exhibits
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weak-intensity emission and broad-spectrum representing spontaneous emission behavior. As PPE
reaches 15 ptJ, the emission intensity increases dramatically. At 15 puJ a PL sharp peak containing
multiple spikes at around 600 nm appears. After background subtraction, the smallest full width at
half-maximum (FWHM) of the spike is 0.2 nm provides evidence of coherent resonant feedback
within the sample [23]. The small linewidth indicates a quality (Q) factor of 3000. Along with
the rising in PL intensity, the overall PL linewidth becomes narrower as the PPE increase [24]. In
more detail, Figure 3b shows the FWHM of PL emission from the microslice as a function of PPE.
The spectral linewidth maintains at around 41.6 nm with excitation energy lower than 8.0 ¢tJ then
significantly reduces to 10.8 nm at 12 uJ. Finally, the spectral linewidth down to 4.2 nm at 15 pJ
and nearly unchanged with higher PPE. Overall, the PL linewidth reduces nearly 10 times, from
the initial value of 41.6 to 4.2 nm which is one of the key features of random lasing action.
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Fig. 3. (a) PL spectra from a single RhB-doped SNP microslice in the air. The inset
shows the PL microscope image of the studied sample with a scale bar of 100 um. (b)
The corresponding PL linewith as a function of PPE. (c) PL spectra of the same microslice
in the water. The inset shows the PL microscope image of the sample with a scale bar of
100 um. (d) The peak intensity of the RhB-doped SNP microslice in the air and water as

a function of pump pulse energy.
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In the water, the sample exhibits a similar PL evolution but under a higher PPE (Fig. 3c).
The emission starts narrowing at 48 uJ and the PL linewidth is down to 4.6 nm at 70 pJ. Only one
spike with a spectral linewidth of 0.3 nm was observed thus Q-factor is ~1950. As a result, the
RhB-doped SNP microslices can work as random lasers in the air and water with a lasing threshold
of less than 17 uJ (66 uJ) for the sample in the air (water). In addition, the lasing peak wavelength
in the water is around 588 nm which is blue-shifted comparing with the lasing peak of 600 nm in
the air. The reason for the shift will be discussed later.

Lasing threshold is one of the most significant behaviors of a laser [24]. The lasing thresh-
old is indicated by a non-linear dependence of peak intensity on PPE. As shown in Fig. 3d, the
PL intensity of the sample in the air (red circle) increases linearly with PPE until 15.0 uJ. Indeed,
the PL intensity rises by a factor of 1.7 (from 2500 a. u. to 4150 a. u.) as the PPE increases from
6.0 to 10.0 uJ (also a factor of 1.7). However, a sudden rise in PL intensity is observed when the
PPE reaches 15.0 uJ, the peak intensity is doubled to 9000 a. u. which indicates the evidence of
a lasing threshold. Moreover, the intensity sharply rises from 9000 a. u. to 26000 a. u., nearly
triples, when the PPE increases only a little from 15 to 17 uJ. The lasing threshold is determined to
be about 14.2 ptJ (the non-linear point) which is comparable with that of all-marine based random
lasers [4] and cellulose-based random lasers [16]. A similar trend is also observed for the same
sample immersed in the water but the lasing threshold (48.9 uJ) is 3 times higher than that in the
air. Compared with other works, the threshold of the sample in the water is higher than that of
the gold nanoparticles based random lasers [3] and silk based random lasers [7] which have been
utilized for sensing in an aqueous medium.

II1.2. Size-dependent lasing characteristics in the air and water

Size-dependent lasing threshold is an important character of a random laser but has been
rarely investigated. In previous work, Ling et al. has addressed this issue indirectly by study-
ing a relationship between the lasing threshold and the pump spot area [25]. Recently, Ta et al.
showed a direct relationship between the lasing threshold (/;,) of microfiber random lasers with
their size [26]. Generally, lasing threshold decreases with increasing their surface area. It is rea-
sonable as a larger sample has a larger number of dye molecules thus more light is generated and
amplified, leading to easier lasing action. However, there is no exact mathematical expression of
the dependence between [;;, and the pump spot area or sample surface area (A). Several works
have shown that [, ~ A~%, where a can ranges from 0.26 to 0.65 depending on a specific struc-
ture [26,27]. In this work, we have found I,;, ~ A=%%° for sample in the air and I,, ~ A~%% for
sample in the water (Fig. 4). Particularly, the smaller the laser size the higher the influence on
lasing threshold. For samples with A < 40x103 um?, I, of the sample in the air decreases about
4.5 times (from 30 to 6.5 pJ) when the surface area increases by a factor of 7.5 (from 5x 10? to
38x103 umz). Similar behaviour is also observed for the sample in the water. /;;, reduces about 2
times (from 70 to 36 uJ) when the sample area increases 4 times (from 10x 103 to 40x 103 um?).
In both cases, when A > 40x 103 /.Lm2, the lasing threshold is less influenced by the laser size.

In addition, the lasing threshold of samples in the water is higher than that of samples in
the air. This result is understandable because the refractive index contrast of the sample in the
water is lower thus the optical confinement is weaker compared with the sample in the air [7,28].
Therefore, the light in the sample in the water is more likely to be scattered out which results in a
higher optical loss and consequently a higher threshold. The difference can be as low as 3.5 times
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for a sample with A ~10x10°> um? and as high as 8 times for a sample with A ~168x 103 um?.
The finding indicates that not only structure but also the working environment has a significant
effect on the lasing performance and this information is important for the future use of silica-based
random lasers in biosensing applications.
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Fig. 4. Lasing threshold of silica-based random lasers (in the air and water) as a function
of their surface area.

Not only the lasing threshold but the lasing wavelength is also affected the working envi-
ronment. Due to the lower optical confinement, the lasing spectrum in the water is blue-shifted
compared with the sample in the air. This phenomenon is common and frequently observed in
microlasers [29]. As shown in Fig. 5a, a noticeable blue-shift of 12 nm is recorded for the sample
with a surface area of 22x 10° um? when working in the air and water. For further investigation,
the peak wavelength as a function of their surface area in both media is shown in Fig. 5b. Two
distinct emitting regions can be observed. The average peak wavelength (Aayer) of the samples
with different surface areas (ranging from 10x10° to 168x10® yum?) in the water is 586.8 nm
which is 13.2 nm blue-shifted comparing with A ,ye; (600.0 nm) of the samples in the air (surface
areas ranges between 4x 103 to 169x 10° yum?).

Furthermore, the linear fit dashed blue and red lines in Fig. 5b indicate that lasing peak
moves to a longer wavelength as their size increases. This behavior is ascribed to the reabsorption
of light of the dye molecules [26]. Indeed, as shown in Fig. 6a, emission from around 550
to 600 nm will be reabsorbed due to the overlap between absorption and fluorescence. Since
the shorter wavelengths will be absorbed more than longer wavelengths thus the lasing emission
is red-shifted. In addition, the longer the light travels, the higher chance it will be reabsorbed.
Generally, as demonstrated in Figs. 6b and 6c, the emission light in a large sample travels a longer
path compared with that in a small sample thus it is more likely to be reabsorbed. As a result, the
lasing emission is red-shifted with increasing size.
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Fig. 5. (a) Normalized lasing spectrum of a typical RhB-doped SNP microslice in the air
and the water. (b) The lasing peak wavelength of samples in the air (red circles) and the
water (blue squares). (c) The absorption and fluorescence spectra of the RhB-doped

SNPs.
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Fig. 6. (a) Absorption and fluorescence spectra of the RhB-doped SNPs. (b) and (c)
Schematics demonstrate the light amplification via multiple scattering within a small and
a larger sample, respectively.
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IV. CONCLUSIONS

We have demonstrated that the laser size and working environment have significant effects
on lasing characteristics of random lasers. The lasing threshold Iy,decreases with increasing sam-
ple size such as I, ~ A0 for sample in the air and Iy, ~ A0 for sample in the water. For a
similar size, the lasing threshold of the sample in the water is about 3-8 times (depending on the
size) higher than that of the sample in the air. For the lasing wavelengths, it is red-shifted with
increasing laser size. Herein, a shift of 8 nm of lasing peak wavelengths was recorded when the
sample surface area increases from 21x 103 to 169x 103 um?. In addition, for a similar size, the
lasing wavelengths of the sample in the water are blue-shift (13 nm on average) compared with
that of the sample in the air. Our results have provided meaningful information for the future
application of dye-doped SNP-based random lasers in bioimaging and biosensing.
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